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ABSTRACT

Light weight solid propellant motors which supply high
thrusts (>500 1ibf) for durations on the order 0.01C sec.
(referred to as impulsive thrusters) require special analysis
of items such as internal ballistics, propellant combuscion,
ignition stimuli, exhaust plume envelope, and inert hardware.
An almost explosive ignition and pressurization coupled with
the requirements for reproducible thrust versus time programs
are analyzed by a mathematical model that emphasizes gas flow
and propellant combustion dynamics. Studies were directed
at analyzing a center-vented motor approximately 7 inches
long and 0.3 inches in diameter with a total impulse of 3.6
lbf-sec and a web time of 0.006 sec. A survey of the rocket
motor concepts revezled that the desired thrust versus time
program can be ackieved by internal burning grains and existing
high burning rate composite propeliants. Limitations were
placed on volumetric loading density as a result of uncertain-
ties of how the center-vented flow affects thrust vector
alignment and nozzle flow losses. The mathematical model
for transient internal ballistics developed during the study

can be applied to a wide range of high performance rocket

motors which experience rapid ignition and pressurization
transients.
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3 NOMENCLATURE

3 a coefficient of ap" burning rate law
ii. 2 propellant burning surface cmz, in®
-él Ay cross-sectional area of port em?, in?
¥ A, pre-exponential factor in pyrolysis
;%h law cm/sec, in/sec
3 A, throat area cm?, in?
5. 3 c specific heat cal/g K, Btu/lbm R
: c specific heat of combustion yases
P at constant pressure cal/g X, Btu/lbm R
g c* characteristic velocity of combustion
K products cm/sec, ft/sec
?f c?km thrust coefficient corrected for losses
R D diameter em, in
é E activation energy in pyrolysies law cal/g~mole
3 £ some unprescribed function
i F thrust kgf, 1bf
ﬁt g gravitational constant
:;1 Ahf net heat release during propellant
< combustion cal/gm, Btu/lb
E h heat required to volatilize provellant
surface prior tc establishing flame cal/gm, Btu/lb
Ir rotational total impulse (see Eq. 43) kgf sec, 1lbf sec
Y Ispd delivered specific impulse 1bf sec/lbm
I;os standard deliverable specific impulse sec lbf /lbm
I total impulse kgf sec, 1bf sec
L length cm, in
,j L* ratio of motor free volume to throat
area, Vch/At cm, in

NN

A
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Nomenclature (continued)

At
area

tZeld

Tif

mass flow rate

Mach number

average molecular weight
exponent of apn burning rate law
pressure

heat flux from ignition stimulus
radius

universal gas constant

burning rate, regression rate
material strength

time

time reguired for nozzle closure to
separate from the nozzle

time at which stabie flame ocrurs
according to Zeldovich criteria

temperature

effective temperature at the interface
between the thin quasi-steady

surface reaction zone and the non-
reacting condensed phase

initial temperature of propellant
temperature of propellant surface
mean velocity of gas in chamber
chamber volume of motor

distance

thermal diffusivity, nozzle
divergence angle

ratio of specific heats

g/sec, lbm/sec
1bm/ib-mole, g/g-mole

atm, psia
cal/cmzsec

cm, in

1.98 cal/g-mole K
cm/sec, in/sec

kg/cmz, lbf/in2

sec
sec, msec

sec

ol 2 . 2
cm”/sec, in“/sec; deg
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Nomenclature (continued)

Kn

r

YL
a function 21 261
TAF+T |

expansion ratio of nozzle

pPropellant configuration efficiency
(fraction of propellant converted o
impulse under rated pressure of the
chamber and nozzle)

thermal conductivity

volumetric loading density of case

temperature sensitivity of burning
rate at constant Ab/At

density

temperature gradient at interface
between surface reaction zone and
nonreacting condensed phase

angle centerline of nozzle makes
with desired direction of total
impulse vector

angle of limiting streamline of
plume

standard deviation

temperature sensitivity of buraning

rate at constant pressure (Blnr/aTo)p

characteristic time

thickness

thickness of propellant burned
design factor

angular velocity of vehicle

the value is on the order of

cal/cm K sec

K/cm, R/in

rad, deg

rad, deg

cm, in

cm, in

rad/sec
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Subscripts

am aroyient conditions

act theoretical values corrected to actual cendition

app apparant value based on back calculation

b burning propellant

blow nozzle closuréa biowout

bo burn out

c condensad phase, motor case

¢ch chamber

cen centroid of F vs t program

E nozzle exit

eq steady state condition which corresponds to instan-
taneous pressure

ero throat erosion

err error in time of F vs t centroid

f flame condition, flame zone

fin final

h head end of motor chamber

i,init initial; condition of a controlled environment

if interface between the very thin surface reaction
zone and the nonreactioning condensed phase

ig igniter

in insulatior

1 liner

mean conéitions of mean flow in chamber

n nozzle, nozzle end of motor chamber

meas measured

MO .otor
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o] outside diameter

port port

prop propellant

ref reference conditions, p=1000 psi, To=70F, ag=0.0

s surface reacticn zone, smearad ithrust due to rotation

t nozzie throat

\Z volatiliza:ion

w,web web of propellant configuration

% in x direction

b4 in y direction

o stagnation conditions, ambient condition of unburned
propellant

Superscript

o) steady state
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INTRODUCTION

In some solid propellant applications it is desirable to
produce a2 controlled high thrust for a very short time, that
is, to make the burn-out time no longer than a few milli-
seconds. All of this must be accomplished in high perfor-
mance systems, i.e., maximum total impulse per motor weight.
We will refer to such systems as impulsive thrusters or micro-
rockets. Typically, these syscems use less than one-tenth
pound of propellant and are less than one inch in diameter.
Broadly speaking, two internal ballistice approaches are pos-
sible. The first approach is to desion the propellant grain
so that the effective web thickness of the propellant grain
is very small and to take advantage of increased burning rates
at high combustion pressures (circa 15,000 psi}. However,
very thin webs are practical only if the unsupported web thick-
ness, T , is an appreciable fraction of the propellant
diameteyeB (e.g., 2T /D > 0.1) and if acceleration
and gas drggo?orces are gﬁgll?rogecause of the difficult prob-
lems in grain design in pursuing this route, a second approach
may be more attractive. The second approach is to utilize
high burning rate propellants, which may be faster by five or
more times than the standara oropellants. An additional
consideration to the development of impulsive type microrockets
is establishing the most efficient case, nozzle and igniter
designs.

This report summarizes the investigations (conducted at
Princeton University) to determine and evaluate approaches to
the development of solid propellant, impulsive type micro-
rockets. The applications of these investigations were di-
rected at satisfying the Hit propulsion reguirements. The
gtudy at Princeton University consisted of the following items:

I. Analysis of approaches to achieve contreclled thrust
for very short times and the development of a com-
prehensive mathematical model for predicting the
performance of micro-rocket, impulsive thrusters.

II. Analysis of methnds of achieving ultra-high burn-
ing rate propellants.

III. Study of operatinog characteristics and methods of
maximizing perrormance of the most promising im-
pulsive thruster concepts.

The major objective of this study is to establish a sound
technical basis for evaluating the various competitive
approaches tc the impulsive thrusters for Hit.
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SUMMARY OF REQUIREMENTS

Before beqginning the discussions of the approaches tc im-
pulsive thrusters, a discussion of the operating conditions
will help to focus more clearlv on the requirements that a
practical motor design ard preopellant must meet. Rapid ignition
and pressurization (all within a few milliseccnds or less; are
characteristic requirements. Thus, the propellant should be
capable of witnstanding an almost explosive ignition impulse.
As in mest so0lid rocket motors, it will be necessary to pro-
vide pressure level control by means of a prescribed burning
surface area versus web thickness: thus the high burning rate
propellants shculd lend themselves to being molded or cast
into various geometries. Unfortunately. some of the mechanical
approaches to achieving high burning rates are better suited
for end-burning grains rather than internal-burning grains.

Of major importance is that the process which is used to in-
crease burning rate must be reproducible and repeatable in
practical rocket motor configurations.

Table 1 shows in summary form the basic requirements of
the Hit propulsion system (a complete specification is given
in Table 3). A pressure versus time program corresponding to
the Hit requirements is shown in Fig. 1. NKote the very short
burning time and the high pressure cf the system. The mass
fraction requirement becomes very restrictive when it is re-
vieawed in terms of the center-vented reguirement and miniature
size of the components. The photograph of a model of the Hit
impulsive thruster shown in Fig. 2 gives an impression of
the size and general configuration. Note the cross-secticn
of the propellant grain showing the very small star points
and port passage. Small errors in aligning the internal port
of grain can greatly aiter the burn-out characteristics of
the motor.
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TABLE 1

SUMMARY OF REQUIREMENTS FOR HIT SYSTEM*

IT,web' 1rf sec

t

web’ S€C

Mass fraction,

Worop” Mo

Minimum length, LMO’ in

Safety factor

Peak thrust F . 1bf
msx

Ignition delay to first thrust, sec

Variation of centroid of pulse,
3¢, sec

>0.49
6.0
1.4
700

<0.0015

<9.00125

Chamber is center vented (i.e., side vented)

Thruster is rotated on tha outer
circuwmference of a cylinder znd

its nozzle is aligned perpendicular

to the cylinder centerline.

&

An example specification 1is given in Table 3
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Events that cccur during the operation of an
impulsive thruster (representative of Hit
type of application),
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SURVEY OF APPRCACHES

Over the last two decades, many attempts to develop moder-
ate size propulsion systems (between 2 and 4 inches in diameter)
with high mass discharge rates have been reported. The iarge
part of this work has been directed ac increasing the effective
burning rate of the propeliant. To a lesser extent, the feasi-
bility of various methods of employing very thin webs has been
examined. Because of the requirement for high total impulse
per motor weight (Ip/Wyp) systems such as the cap pistol motor
were not considered. The high thrust requirement eliminates
from consideration systems such as the subliming solids and
monopropellant vernier control motors.

The various methods of extending burniny rates include
the use of mechanicai modifiersl:2 (metal fibers and tubes),
very small oxidizer sizes, burning rate catalysts”, and specially
formulated propellant ingredients®. These methods have not
achieved the full range of increases in buring rate that are
being sought. However, some of the requirements for mcderately
high mass discharge systems can be met by high rate propellants
in conjunction with high surface area (i.e., thin propellant
webs) reasonably structurally sound propellant grains. As the
desired operating time decreases and the motor case diameter
increases, there are limitations in following the approach of
using high burning rate propellants in conjunction with very
thin web, internal burning propellant configurations, (e.g.;

a wagon wheel type of configuration). Configurations with
small Tyep/Dprop ratios will not withstand the loads produced
by high velocity gas flow and acceleration of the system.
When the fragile propellant star points are broken off and
ejected through the nozzle, erratic pressure traces and in-
efficient motor overation will result. Figure 3 shows the
extent to which decreasing operating time affects the thick-
ness of unsupported portions of propellant configurations.
For the particular burning rate (10 in/sec) which was con-
sidered in Fig. 3, reasonable web fractions are cbtainable
for the H.t operating time and case diameter. However, such
high buraing rates are available only in recently developed
propellants many of which can not be considered state-of-the-
art with respect to the Hit requirements.

Variov ; mechanical methods of modifying propellant burn-
ing rates l.ave achieved limited success. Ve.y thin metallic
fibers (e.g., aluminum, titanium and zirconium)} embedded in
conventional propellants will produce significant burning
rate increasesd. However, these increases are less than the
desired high kurning rate. The overruling objection to using
metallic fibers is that noc practical method has been developed
to incorporate them into thin propellant webs. When efforts
are made to manufacture thin web, internal burning perforations,
the casting processes aligns the fibers parallel to the burn-
ing surface so that they are not effective burning rate
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Fig. 3 Influence of motor diameter and operating time
on propellant web fraction.
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enhancers.” Also since the fibers accelerate the burning rate
locally at a relatively widely spaced points, uniform burnout
of the propellant is not obtained.

To obtain high locading densities, reasonably high port
area to throat area ratios, and high performance in impulsive
thrusters, it is necessary to operate at high chamber pressures
(e.g., greater than 5,000 psi). At these pressures several
propellants demonstrate abrupt changes in their burning char-
acteristics, for example the burning rate of some ammonium
perchlorate (AP) composite propellants is_known to rapidiy
increase with pressures above 7,000 psi +7:8, These rapid
changes in exponent are associated with the thermal stress
failure of oxidizer particles and are reasonably reproducible.
However, the burning rate exponent greater than unity (i.e.,
dlnr/dinp > 1) has disccuraged the use of such propellants.

Another approach which has received attention9-17 is the
use of porous propellants. Figure 4 shows two metheds for
installing porous pyopellant grains. The important rate con-
trolling process in porous propellants is convective heating
of the walls of the pores rather than conductica from the
flame to the planar burning surface, as in the case of con-
ventional propellants. Under a favorable pressure gradient,
hot combustion gases flow intothe pores in the porous pro-
pellant grain. The primary impecus for studying porous pro-
pellants was the requirements of a rapidly burnin? charge at
the base of proiectiles in traveling charge gunsll 16, “several
investigators?:16 demonstrated high burning rates using poroas
propellants under the conditions of dynamic pressurization.

But when these propellants were uced in traveling charge guns,
they proved unsatisfactory from a structural standpointll.lé,
There are several important differences in the requirements
for traveling charge guns and for impulsive vhrusters. The
two most important differences are: the web thickness of an
impulsive thruster is generally much less than the web thick
ness required for the traveling charge guns and the acceler-
ation field of impulsive thruster is generally less saevare
than the axial and centrifugal accelerations experienced in
the traveling charge gun. Several methods fo: making porous
propellants have been demonstrated?:16,17, fThese methods
include pressing *he propellant ingredients to the desired
density, cementing balls of propellant together and then
pressing to the desired density, and making a high density
felt out of thin propellant filaments. The last two methods
can be used to produce propellants with a wide range of
porosity. Propellants have been pressed tc within less than
2% of their theoretical density. More details on the com-
bustion and use of porous propellants will be given in a
report which is now being prepared.

One approach to achieving improveé structural integritx
is to mechanically reinforce the propellant grain. Schultzi8
reported the results of a series of motor tests in which thin

* perpendicular alignment of magnetic staples can be effected
in a strong electromagnetic field.
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a) CASE BONDED GRAIN OF POROUS PROPELLANT
(REQUIRES ELASTIC PROPELIANT WITH GOOD
PHYSICAL PROPERTIES)

CONVENTIONAL
PROPELLANT

POROUS PROPELLANT

7

b) PRIMARY PROPELJANTI IS ROD OF PORQUS PROPELLANT

AND SECONDARY FROPELLANT IS CONVENTIONAL
FROPELIANT BONDED TO CASE WALL

Fig. 4 Rocket motor configurations that use porous

propellants,
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layers of propellant were supported by a thin screen wire mech.
The sheets of reinforced propellant were rolled intc scroll:..
Tests demonstrated that the motores could be rapidly ignited
and operated at high pressures. However, structural integrity
of the reinforced grains continued to ke a problem. Also, the
wire mesh that supports the propellant was largely unburned,
and thus its presence greatly decreases the performance of the
cverall propulsion systen.

Another approach which has been attemptedlgr20 is to use
propellants with conventional burning rates and to obtain the
necessary increase in burning surface area ky means of small
perforated pellets of propellant. The concept of using pro-
pellant pellets to achieve veproducible impulsive thrusts is
well established in guns. Since high gas velocities in the
chamber and high accelerations tend to eject tlhe burning pel-
lets, in some exploratory designs the pellets are retained in
the metor by means of metal cages. The primary shortcoming
of this approach is the necessity for the cage since the cage
absorbs heat and its weight detracts from the overall perfor-
mance. The previously descriked difficulties of retaining
pellets may be overcome in some applications by taking ad-
vantage of high acceleration fields. A schematic drawing of
such a rocket motor is shown in Fig. 5. The propellant is in
two forms, a thin layer of conventional propellant bonded to
the case wall and the remainder of the propellant is in the
form of pellets. After the rocket motor is ignited, the
charge bonded to the case wall burns as a conventional internal
burning charge and thus insulates the motor case. The pellets
are consumed in the usual manner. The acceleration forces
counter the cendency for the pellets to be entrained in the
flow cf combustion gases and ejected through the nozzle. One
possible disadvantage of this approach is that the center of
gravity of the motor depends upon how the pelliets orient
themselves.

Through out thie discussion we have alluded to a less
novel approach cf applying, in a scaled down fashion, the
same technifques as would be used to design conventional size
bcosters (see Figs. 6 and 7). This is the approach on which
we have concentrated car eiforts during this study. In the
secticns that follow, we will describe this approach. 1In
pursuing this approach, it quickly beccmes apparent that con-
ventional internal ballistics design techniques are inaccurate
for predicting and analyzing pnressure and thrust versus time
programs since over 40% of the operating time is dominated
by pressurization and tail-off trensients. While we conclude
as a result of this study that scaled down booster tvpe designs
are the proper avproach for the Hit impulsive thruster, we
point out that the very short operating tine makes it man-
datory for the designer to analyze the impulsive thruster by
properly accounting for the gas dynamics and burning rate
transients. These analytical techniqgues are developed in
the next section and then applied in the subsequent secticens.
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///- - DIRECTION OF

CONVENTIONAL HIGH RATE PROPELLANT ACCELERATION

PROPELIANT PELLETS HELD AGAINST
HEAD-END OF MQTOUR BY BODY FORCES

“BAFFLE TO PREVENT
PELLETS FROM
ENTERING NOZZLE

\\\\h.NOZZLE. SUBMERGED
SIDE VIEW GAS FLOW
NOTE: MOTGR CASE IS CYLINDRICAL DIRECTION

WITH HEMISPHERICAL ENt) SECTiONS

Fig. 5 Example of impulsive thruster that uses pellets
to achieve high mass gen=2ration rates.
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WEB THICKNESS = 0.030 IN, {FOR 0.310 OD CASE)
VOLUMETRIC LOADING DENSITY =0.637

Y CASEZ WALL 7 A

PROPELLANT \
T memae o SUZ N
f ! l

PORT

FULL SIZE FOR
0.310 OD CASE

qgﬁ

PROPELLANT

DENDRITE COMPOSED OF
WAGONWHEEL AND STAR POINTS

Fig. 7 Propellant grain configuration suitahie for

low burning rate propellants (e.g.. ~ 4 in/sec),
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DYNAMICS OF IMPULSIVE THRUSTER PERFCORMANCE

A major portion of the study was devoted to developing
mathematical models and computer sclutions tc evaluate selected
impulsive thruster configurations and propellants. The dynamic
chamber interactions that must be accounted for are indicated
on Figs. 1 and 8. Figure 1 shows the four major phases of
motor operation: 1) the ignicion phase where the igniter heats
the propellant teo ignition, 2} the chamber filling phase where
the geses from the igniter and the burning propellant pressur-
ize the chamber to operating conditions, 3) the operating (or
sustain) phase dominated by the mass gernerated from the pro-
pellant grain, and 4) the blow-down and tail-off phase after
the propellant web huzns out. The nozzle is fitted with a
blow-out disk which »ill seal the nozzle until a predetermined
pressure is achieved.

The measured performance of solid rocket motors during
rapid pressure excursions {such as occur during rapid igniticn
and variable throat area operaticn) ciffers greatly from pre-
dictions made using steady state burning rate data and simple
transient mass balance solutions?1-25, "The very nature of the
impulsive thruster dictates careful consideration of the theor-
etical and experimental aspects of the dynamic response of
burning rate, chamber pressure, flame temperature, and chamber
temperature during both the rapid pressurization period (as
large as 10’ psi/sec) and the high pressure coperation period.
Also, the influence of these dynamic effects is very dependent
on the type solid propellant being considered. For example,
the rapid pressure rise foilowing a "hard" ignition can pro-
duce burning rate overshoots in excess of fift¥ percent above
equilibrium conditions. In related studies24.,25, we have
shown that the seriousness of these overshoots increases rapidly
when propellants with high temperature sensitivity of burning
rate are used.

Studies of dynamic effects have been limited by combustion
and gas dynamics models that are incomplete and by difficult-
to-interpret data. Two opposing combustion effects cause the
inetantaneous buining rate to differ greatly from the steady
state burnin_ rate at the corresponding instantaneous pressure.
These are: 1j the nonsteady thermal prcfile in the ccndensed
phase of the propellant and 2) the out-of-phase blowing effect
of the reactive gases leaving the burning surface, At the
lower burning rate during the ignition and pressurization phase,
the thermal wave penetrates further into the propellant than
at the operating pressure. BAs the burn:ng rate increases, the
transition to a thinner thermal wave occurs. Since the pro-
pellant is in effect preheated, the burning rate is enhanced
while the overheated surface layer is being burned out. The
preheating effect is only partially countered by the excess
blocwing effect in the flame zone, which tends to decrease the
heat feedback from the flame when the burning rate exceeds
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the equilibrium burning rate. The interactions resulting from
the rapid changes in pressure will also affect the flame temper-
ature and chamber gas temperature, which will affect in turn

the mass discharge rate through the nozzle.

In previously publiished studies, either the interactions
between the chamber and propellant combustion were not considered
or the burning model was not realistic for composite propellants.
In our development, the dynamic burning rate law will be based
on the Zeldovich-Novozhilov {Z2-N) method. The Z-¥ method has
been extensively developed in the USSR but has only recently
been investigated in th=z U.S.24. We could use a properly for-
mualated flame model for solid propellant combustion, but we
believe the EZ-N method is most suitable for this application
cince it provides a more direct method of considering complex
propellants in which the flame zone parameters are not known.

The chamber pressure and mass discharge responses are calcu-
iated from a mathematical model whose primary components are
coupled through numericzl solutions to the energy eguation for
the propellant, the Z-N equations, and the energy and continuity
equations for the chamber, which inciude the effects of throat
ablation and chawber volume charges.

We have emphasized the dynamic burning and pressurization
of the impulsive thruster because we believe that these are the
key elements in evaluating and predicting the performance of
Hit motor designs that use high enercy smckeless provellants.*

Analysis of Chamber Flow and Burning Rate Dynamics

The analysis and assumptions are discussed as they apply
to impulsive thrusters with internal burning, perforateé grains,
e.g., pressures up to 20,000 psi, burning rates in the range
of 2 to 20 in/sec (over the range of pressures), and dp/dt up
to 5 x 107 psi/sec. Because of the wide range of events and
special purpose propeliants that may be considered, the assump-
tions used in the analysis should be reviewed for each situation
considered. As indicated in Fig. 8, we are considering two
interacting sets of dynamic processes: 1) the flow of gases in
the chamber and 2) the propellant combusticn. The assumptions
and equation development for these processes are treated
separately.

The assumptions for the propellant are:

1) The rate processes in the gas phase and ia the surface
reaction zone can be considered quasi-steady in the
sense that their characteristic times are short compared
to the transiticn time of the pressure chahge. No s
limitation is necessary for the thermal wave in th
densed phase.

2) No xinetic heat release occurs in the condensed phase
below the surface reaction zone. Although the sur?

* As will be pointed out in subsequent secticns, a p:

signed motcr will operate in a domair. where these 2
not detrimental. Thus, one of the cbjiectives is to gr
reduce the very effects we asre emphasizing.

1]
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reactions occur in a zone of finite thickness, the zone
is sufficiently thin that it can be considered as quasi-~
steady.

3) The condensed phase of the propellant is accurately repre-
sented as being homogenecus and isotropic.

4) Propellant combustion zones are not influenced by axial
position and external forces such as shear forces from
the flowing chamber gases and acceleration.

The assumptions for the chamber are:

gt 5) Effects of axial variations .of chamber temperature and
B pressure can be accounted for by defining a mean buraing
L\ rate point between the head end and the nozzle end of
il the chamber.

B 6} The chamber gases can be treated as perfect gases.
gﬁi 7) Heat losses to the inert parts are negligible.

" 8) The specific heats and average molecular weights for the
Ve chamber gases, flame and igniter gases are equal.

For the conditions considered in this study, the justifi-
E: cations for assumption 1 closely follow the arguments pre-

] sented in Ref. 24. Thus following Ref. 24, the characteristic
times for the condensed phase, surface zone, and gas phase are:

2

Te = ¢c/r? = 107" sec for r = 2.0 in/sec (1)
~ 107° sec for r = 20.0 in/sec
Tg = RTg/E 14 ~ 0.1 7 < 107° sec (2)

Ty = [Ag copg/(hy CgPe)] To = 9,01 7o < 1077 sec (3)

Since the times of the monctonic portion of the pressure excur-
Y2 sion considered in this paper are approximately 0.001 sec.,
i the conditions of assumption 1 are satisfied.

1*% The arguments for assumptions 2, 3 and 4 are the same as
presented in Ref. 24.

The condition of neglicible axial temperature variations
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cf assumption 5 is more nearly justified for an internal-
burning propellant grair with a low L* than for an end~burning
propellant grain wit* a large L*. In the former case which

is the situation in this study, the combustion gases lieaving
the burning propellant surface are distxibuted along the length
of the rocket motor ind have radial velocity components (normal
to the axis) which promote rapid mixingt of these gases with
the gases flowing from the head end of the motor. Also, in

low L* combustors the stay times of the combustion gases in the
chamber are considerably less than the transition time for

the pressure change, and as a result large axial thermal gra-
dients can not develop. For example, the characteristic stay
time of the datum case chamber,

Top = Vo/A, c* rz , (4)

is 0.0003 sec while the monotonic portion ¢ the pressure transi-
tion is approximately 0.001 sec. Also, axial temperature vari-
ations are reduced by the mixing produced by turbulence,

free convection currents, and vortices. It should be noted

that the stipulation that L* be small is not a restriction to

the analysis since dynamic effects are prominent motors with
relatively low L* values. The limitation imposed by assump-~
tion 5 is that the propellant can not be susceptible to erosive
burning. Because we are considering very high burning Eete
propellants, the analyses of Willoughby“® and Saderholm indicate
that erosive burning will net occur. Saderholm's criterion,

which has been successfully applied to a number of high hurning
rate composite propellants, indicates that for lach numbers less
than 0.3 and chamber pressures above 10,000 ps =z=rosive burning
will not occur if the basic burning rate is in escess of 3.0
in/sec.

Assumption & is widely employed in the combustion litera-
ture for the conditions considered in this study.

Assumption 7 is consistent with the small amount of exposed
motor hardware in properly desigred high performance, internal
burning systems. Also, the small amountsof refractory insula-
tions that are used absorb very iittle heat. This is demon-
strated by the delivered specific impulses of well designed,
high operating pressure motors having delivered specific im-
r:lses that are within 5% of the theoretical specific impulses.

t+ These flow patterns have recently been photographed in -
high L/D, low L* window burner which is being developed at
Princeton to study ignition transients. The rapid mixing of
the gas is evident.

—~— ﬁﬂnm»;zm
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The conditions of Assumption 8 were tested for the datum
case usinag the calculated equilibrium thermochemical results
of Ref. 28. The values of specific heat and molecular weight
varied less than 5% over the 500 F range of temperature.

Functional Relationships for the Chamber

The previously discussed pressurization sequence is shown
in Fig. 1 and chamber interactions are indicated in Fig. 8.
The initial conditions are

r =20

Pch T Pinj
init (5)
ch Tinit
A, =0 i.e., nozzle closure in place

The nozzle is blocked by a nozzle closure which completely

seals the throat until a predetermined chamber pressure, Pbilow’
is attained. Then the throat area is allowed tc increase
linearly in a prescribed time interval for the nozzle closure

to clear the throat, A4t__._ .. During motor operation the throat
diameter is permitted to increase due to erosion,

t
AD

"

¢ 2 rero(p,t) dt (6)

then in turn

It

. 2 .
Ap = /4 (D o .+ OD) (7)

The mass continuity equation for the free volume in the
motor chamber (see chamber control volume in Fig. 8) is

dlpgpVept/dt + my = m + mig (8)

where for a perfect gas

m, = P.pBy g/c* (9)

and
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my = pcAb(t) r(t) {10)

During the ignition phase, the burning surface area increases
as the flame spreads along the propellant surface; following
full ignition the burring surface area is a prescribed func-
tion of the grain geometry in terms of distance burning. Thus,

t
for IO Veg dt / Lpr0p <1
(t
Ab = Ab,l Jo st dt/Lprop (ll)
t
and for !0 Veg dt 2 Lprop

(12}

By expressing peqphVep in terms of the perfect gas law,
the following relation for dp.,/dt is obtained from Eq. 8

dpch/dt = - (pch/Vch) chh/dt

+(yR/Vch) (--mnTch + mTe + migTig) (+3)

The energy equation for the free volume in the motor
chamber is

d(pcththh)/dt + mnTch - mbe - migTig

- (l/cp)d(pchvch)/dt =0 . (14)




I, = TR F

| 1o

Multiplying the mass continuity equation, Eg. 8, by T, and
subtracting it from the energy equaticn, Eq. 14, multiplied
by Yy yields

dTCh/dt = - (mn/'pchvch) TCh (Y"l)

+ (mn/pchvch) (YTf - Tep + YTy /mb)

igh ig

{15)
The chamber volume increases as the propellant is burned:
dVen/dt = rAg (16}

The several regions in the motor which were coupled
through one dimensional compressible flow solutions are shown
in Fig. 3. The solution for and T applies to the
mean flow condition for the chamger and saglsfles + Vo, and

rt,mean® From these mean conditions, the stagnaglon con-
dg% ohs at the head end ph' Aport h' Tp,n and rh and the
nozzle end conditions . Mn nd Ap r
are calculationed using tﬁe 1 °B’ gimension conéress&ofe flown
{(with mass addition) equations. The thrust calculations
are based con the stagnation pressure at the nozzle, Pgn -

Functional Relationships for Propellant Combustion Transients

In this development, the dynamic burning rate law is
based on the Zeldovich-Novozhilov (Z-N) method. The Z-N
method offers important advantages when considering the burn-
ing rate transients of propellants whose burning rate mec-
hanisms are not understood {e.g., highly catalyzed propellants,
propellants with complex r vs p relationships, and propel-
lants with high percentages of metal fuels). It is important
to note that the validity of applying *he Z-N method to a
particular combustion situation can only be established by
flame zone studies that determine the applicability of the
assumptions. Flame zone studies revealed that the Z-N method
is valid for the range of conditions being considered for Hit.

We emphasized in Ref. 24 that the usefulness of the Z-N
method was limited because of the lack of Ts(p, ) data. As
we planned experiments to develop this data, it Decame appar~-
ent that the concept of a surface temperature in the sense
that Zeldovich meanrt it is misleading. The steadv -state data
which is used in this development of the dynamic burning rela-
tionship is correlated by the pyrolysis law
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r = Ag exp(-E./RT;¢) (1e6)

which is based on the temperature at the interface between
the very thin, quasi-steacy surface reaction zone (see
assumption 2 and rFig. 8) and the nonreacting condensed phase.
(It is important to note that under dyvnamic conditions T.

iz not a single valued function of pressure but is dependdnt
on the pressure and burning rate history. This is a departure
from previous applications of the Zeldovich method (and later
the Z-N method) in which a surface temperature, Tgr (i.e.,
the temperature at the gas/burning surface interface) was
used in the pyroliysis law. Once it is realized that the
surface theimal zone is not a well definad zone, it is more
meaningful (and less arbitrary) to base the pyrolysis law

on T;j¢ rather than Ts'

The energy equation for the condensed phase (-» < Xs £ 0)
shown in Fig. 8 has the following eigenvalue dependence on
TC(O,t) = Tif(t)

/3x] = A, 3*To/3x? (17)

0cCe 3T/t + x(Tyg) 3T o

C

where under conditions of full ignition the burning rate r
is reiated to the interface temperature through Eq. 16.

The initial condition for Eq. 17 is,

T(x) =T at t=0 (18)
The first boundary condition is

3T/39x = 0 as X + - (19)

The second houndary condition is a series cf conditions:
1) heatup to gasification

- +
AC(,T/Br)c'if = Qign for 07 <t < tV (20)

2) gasification prior to establishment of flame

- rpdhg for t < t <t

v zeld

(21)

= dign
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Fig. 10 Schematic drawing showing relationship between
experimental data and the required heat feed-
back function for the dyramic burning rate mcdel,
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3} combined heating from ignition stimulus and from gas
phase and surface reactions

= qign + %cé(r,P{t)) fer

2e1d < * X tign,ofs (22)

4) burning during conditions of full ignition

hy

= Aca(r,p(t)) or t > t

ign’off

{23)

where ¢ 1is the Z-N heat feedback function developed in Ref.
24 except that it ic based on Ti¢ rather than Ts'

Figure 10 contains a concise outline of how the heat
feedback function ¢ 1is developed.

The follcwing relationships are availabie ir principile
from laboratory experiments

r° = r°(Te,p) {(24)
and
T = T° {(pg,r) (25)
i f if

The information cf Eq. 24 can be obtained by routine burning
rate experiments (for a iimited temperature range). Experi-
mental measurements of the dependence of T;- e p and r
are much more difficult and have yet tc be accomplished with
good accuracy over the desired ranges of r and p. The

Z-N method uses steady-state burning rate data in conjunction
with the following expression for the steady-state energy
balance in the condensed phase

3 A = ] To - 3
o0 r°ooCe | {f TO) (26)

43 indicated in Fig. 10, r(T;:} and r{p,T ) data can be combined
¢ith Eq. 26 to obtain the folicwing functfonal form, which re-
places the corresponding function which is normally derived
from flame model,

(&

= ${z°,p%) = olrit),p(t}]. (27)
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This relation, which is obtainabie from steady-state experi-
ments, is the key element of the 2~N method, since it expresses
the heat feedback to the condensed phase in terms of two para-
reters, pressure (p) which is externally imposed, and burning
rate {r) which is the important explicit result desired from
the sclution. Assumption 1 is the justification for applying
the steadv-state result of Eq. 28 to transiernt conditions.

At a given pressure, there can be a wide range of burning
rates, r: 1) during steady-state conditicns, r is varied
by changing T 2) for dynamic conditions, the value of r |is
controlled by the heat balanue at the propeliant surface.

Based on the arguments in Ref. 24, it is maintained that for a
given r and p (recardléss of how the value of r 1is ob-
tained) the value of ¢(r,r) is the same for both the steady-
state and transient ﬂondltlons. It is important to realize
that even though Eq. 27 is obtainable from steady-s;ate data,
transient burning rate calculations can be performed only if
the transients in the condensed phase are calculated, (i.e.,
3(t)) by solving the transient heat condition eqguation (Eg. 16)
with its boundary conditions. Thus, the chamber pressure, p(t),
is one of the dependent variables o be obtained from the
simultaneous sclution of the energy ard continuity eguations
for the chanber.

An expression for the dynamic flame temperature may be
obtained under the following conditions: 1) the adiabatic
product compositicn in the flame zone and the heats of re-
action in the surface reaction zonz and in the £flame zone are
not affected by the dynamic condiczions, and 2) the specific
heats in the surface reaction zcne and the fiame are egual.
It fellows from ¢ = (r/a ) (Tys Tg) that the energy balance
for both steady and uncteadv stafes is:

rocéhf = Ace + roccf(Tf—Tif). {28)

Therefore by considering a reference conditior

»
-

P =S liéi - &b _ g - f.iigls T s (29)
¥ i = F4 - i u’i 5’ re o -
£ ocer [{f)rer x| [iferef AT TET

The result of the foregoing analysis cf the chamber and
propellant burni ng conditions iz a coupled set of three non-
linear, first order oxdinary differential equations (Fg. 13,
15 and 16) for T by and V., and one nonlinear, second
order partial dx;?er-uhlal equa%zou, {£2g. 17) for T(x).




.,

Equation 17 with its boundary conditicns was sclved vsing the
methods of expiicit finite differences. Equations 13, 15 and
16 were integrated by the fourth order Runge-Kutta technique
using a variable time step. For special limiting cases, the
numerical results agreed with closed form solutions for cham-
ber venting, adiabatic compression, etc.

Exampie of Measured Dynamic Burning Rates

In a related study, transient pressure data (from which

the dynamic burning rates can be determined) were obtained
oy suddenly reducing the neozzle threoat area of a motor with

a rcd-and-tube propellant charge designed to have % very small
ree volume in order to have a rapid pressure rise 5, (This
is referred to as the Low L* Combustor.) After ignition, the
motocr is allowed to reach eguilibrium at low pressure, and
then the threcat area is rapidly reduced by insertion of a
pintle driven by a pneumatic cylinder. The chamber pressure
rises sharply to a new equilibrium level. This method of ob-
taining rapid pressure changes and dynamic burning rate dzta
gives a more direct result than previously attempted methods.
For exampie, Wcoldridge and Marxman22 used propellant powders
{as a secondary charge) to pulse their combustor, as well as

a rapid decrease of the thrcat area. Establishing the dynamic
burning rate from such an experiment is complicated by the
impulsive changes brought on by the secondary charge. Similar-
ly, obtainiag Jdynamic burning rate information from T-burner
experiments %s complicated oy approximations cf the losses in
the T-burner 3, Also, it is not feasible to deduce dynamic
burning rate information from the rapid pressure rise follow-
ing ignition since the complexities of ignition processes
precilude icolating the desired dynamic burning effects.

Figure 11 shows a rapid pressurization and overshcot (in
the case of test 2} resultinuy from the dynamic super-rate ef-
fects for a sudden throat area decrease (in 0.001 sec}. al-
thcugh test 1 also exhilits a strong super-rate effect, the
overshcot of pressure effect is muffled by the somewhat iarger
L* associated with the smaller final A,. The propeilant was
708 AP, 29% PBAA, 1% CuO & Cry03. Othér motors have been
tested over a range cf chamber conditions. The instantaneous
burning rates and chamber temperatures were deduced from the
measured p vs t by means of a soiution tc the enerxgy and con-
tinuity equations for the chamber. This soiution is for a
much simpiier situation than the one previcusly described in
this section since f{lame temperature (not the chamber temper-
ature) is assumed to be constant and the partial differential
equation governing heat fiow to the condensed phase is not
solved. Figure 12 shows the dynamic burning rate, r/z oy
determined from test 1. 1In Fig. 13, r/r,, is displayed in
terms cf.jhe dimensionless p parameter wgich was used by
Von Eibe~ . The dynami:c burning rates of Fig. 13 demonstrate
a tysteresis-like character rather than a simple straight-
line relationship between the dimensionless P and dynamic
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burning rate, as given by some of the previously developed
dynamic burning rate equations.

Rocket Motor Performance Parameters

The basic irputs to the analysis are desired average
thrust, total impulse, propelliant properties, and nozzle
characteristics. ‘These inputs were selected since they are
frequently specified as reguirements to achieve a particular
mission. The motor performance equations are presented to
avoid confusion concerning how the motor parameters were
applied.

The steady-state burning rate along the grain is ex-
pressed as a function of static pressure, P, and grain
temperature, Tg«

r = a pn GXP[OP(Ter-To)] (30)

The valuss a, n and op are measured properties of the pro-
pellant. The factor

exp[cp(Tref-TO)J

accounts for the changes in steady-state burning rate caused
by the departure of :he grain temperature, Ty, from the ref-
erence temperature Ty ¢.

A compatible set o° combustion gas properties is estab-
lished by starting with calculated combustion gas properties
{obtained from thermochemistry computer programs such as
Ref. 2g) and then adjusting the calculated properties to ob-
tain agreement with measured mass flow rates and thrusts.
The measured value of c¢* that is normally used to calculate
the mass discharge is established from motor firing data by
the following equation

9 R | pat
cr* = e
meas

, (31)
Worop

The quantity c* is used to relate instantaneous mass flow rate,
h,, to throat area At and chamber pr.ssure pon

m, = At p g/c* (32)

on
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From isentropic one-dimensional compressible flow theory,
mass discharge rate can be expressed in terms of the gas
properties as follows,

v+1
2(y-I)
y, [ 2 ]
_ b a Y [Y+l) 13)
M= “onf 9 (33
//; R Tch/MW

Ideally, c¢* 1is defined in terms of the chamber gas properties
as

c* = (34)

1 o
y 2 s
y+1i

T> have a compatible set of relationships, the interrelation
between c% and T . that is established by Eq, 34 isg
maintainege%ﬁroughou%htﬁgtanalysis. The measured vglue of
c* is input and T is calculated from Eq.35

ch,act
2
r v+1
M 1 2(vy=1
= W * y, {2 !
Teh,act - “neas ' f?iT) (35)
J

It is interesting to note that the measured c* values corrected
to ideal standard conditions are within 94 to 97 percent of the
theoretical c¢* calculated from thermochemical programs such as
Ref. 28.

The ratio of specific heats, Yy, is an average effective
value for the motor and nozzle. When possiblie this value was

T T - rSIDF
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determined from experimental data. Because of shifting equi-
librium in the actual gas, this value is little more than em-
pirical correlation constant. When satisfactory experimental
data is not available, an effective valuz basad on thermo-
chemical calculations can be deduced from the relationship
between theoretical gas properties at chamber and exit con-
ditions,

v-1
T j Y
n
Om - | 0, | (36)
Ty Pg l

Thrust is expressed in terms of a thrust coefficient as

- S
F CFxm o,nAt (37)

The thrust coefficient is

P
P am
N E £ (38)
C = C Coving + (1-Ay) - oy
FV N
Fam " N poln Pon E
where
1/2
”_ y+1| | Y-1|
|y 2 =1 P Y
Cpy = 22, ’l - (£ (39)
lY-l v+ _J L PO'n

+ e E
E(E—"')

0,n




- 34 -

and
—f1a 4
AN—(lvcos o )/2 (40)

The value of motor coefficient, Cpr used in the equation 1is
for nozzle-end stagnaticn pressure and should not be confused
with values that were determined from the relationcship between
head~end pressure and measured thrust.

Total Impulse of Motor Rotatinag in Flane of Desired
Thrust Vector

With the specification of a thrust time trace directed
radially from the axis of rotation of the vehicle, it is
desirable to specify the time at which ignition should occur,
such that maximum thrust is delivered in a given direction
(see Fig. 14). In this discussion the vehicle rotates with
constant angular velocity w, clockwise, and thrust is to be
maximized in the +y dicection. The given thrust time trace
has total impulse (when stationary) of

]tfin

thiow
The radial position of the wvehicle is described by:

= rdt (41)

6=wt+ei (42)

where 8 is the angle formed by the thrust vector and the +y
axis. It is assumed that w is such that motor burn-out takes
place in a fraction of one revolution.

A rotational total impulse is defined py:

S t.. 5
f =(f_ ,F )={[J fin F sin edt},[[ fin F cos edtg} (43)
r Cx'y ¢ SN J

blow blow

and Fy is to ke maximized, while FX should be small.

. Substituting for € in Er' and solving for the magnitutde
¢f I

rl
r(tes 2 t.. 124170
B [ Fi8 b sin (ut+6,)dt] +{f 10 ¢ cos (wt+ei)dt) ]
) tblow ’ tblow
- tte. 2 ¢t 1271/2
= {[ fin P sin wtdt} +1{ fin cos wtdtj 1 (44!
-L-t_l thl _’
blow ow

2
Since |I_| is constant for a given w and always less
than I,,, it may be regarded as the maximum effective thrust
attainable with a given w.
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Define the centroid time of the thrust versus time

program , tcen' such that:

F £
cen fin
J,, th=J Fdt (45)
t
blow cen

A series of calculations were performed to demon-
strate the influence ignition delay errors on the magni-
tude and direction of the thrust vector. The ignition
delay error is defined as the time interval between the
instant the nozzle centerline is aligned with the de-
sired direction of the total impulse and the centroid
time, t en’ defined by Egq. 45. Figure 15 is the thrust
versus time program used in tlie calculations. Figure 16
shows the influence of the ignition delay error on the
thrust vector. Note that an ignition delay error of
0.00125 sec. (the 20 value in Table 1) results in the
thrust vector being misaligned by 11 degrees. The thrust
smear factor, defined as

-3 fAEN
Fs—Ir/IT {46)

has a maximum value of 0.95 when ignition delay is zero
and falls off slightly to 0.93 when the Jignition error is
0.00125 sec.

In the section entitled "Performance Analyzed in Terms
of F vs_t", the effects of motor and propellant variables on
F and I will be considered for a particular design.
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HICH BURNING RATE PROPELLANTS

General Consigderats s

A wide range of high burning rate provellsv-- -ecre
investigated. The most expliciti cor-lLrzi1mt - i - pro-
pellant iz that it have a burniny rate -5 5t reast & in/sec
at 10,000 psia. As indicated ir W=1: 2 s¢ aral propellant
systems can meet this ragquirenent. Ti2 other iteme which
influence the prepellany selsctian arc Trre subtle and
must be evaluated v terms oI system recirements and motor
trade-offs.

¢

D

As with most volume limi
a propellant with a2 maximum I_ product. This maximum
must be obtained without usind‘elemental metal fuel addi-
tives such as aluminum. Independeni of exhaust plume
considerations, elemental metal additives are excluded be-
cause they form metal/metal~oxide agglomeratesz that are
likely to restrict the throat and to present serious two
phase flow problems in the very small, center vented cham-
ber. Generally the dual requirements of high I, and
burning rate are compatible since high oxidizer ?oadings
increase both burning rate and specific impulse, However,
the upper limit of propellants 1 and 2 in Table 2 may de-
pend on processing and casting limitations resulting from_
the high specific surface of fine ammonium perchlorate (APj].
Greater flexibility in burning rate and more nearly opti-
mum ammcnjum perchlorate packing fracticns can be cbtained
by using an iron ccmpound burning rate catalysts (e.g.,
propellant No. 2).

ted systems, we are seeking
o]

A primary consideration in the propellant selecticn
will be the reproducibility and predictability of the cent-
roid of the thrust versus time trace. Reproducibility prob-
lems can originate during the fliame spreading phase., Based
on our present understanding, a propellant with a very rapid
flame spreading rate is necessary since the rapid flame
spreading characteristic will dominate the ignition process
and tend to overcome effects of nonuniform heating by the
igniter. Also if the flame sprezad period is small (i.e.,
less than 0.0002 sec.) relatively large percentage deviations
in the flame spread rate will not produce large deviations in
the igniticn time interval. Another advantage of an easily
3 ignited propellant is that the igniter weigat will be small.
2 Indeed, it is 2xpected that by proper propellant selection
the Hit impulsive thruster can be ignited by a sqguib with a
charge cn the order of 0.1 gm. Propellant No. 2 is known to
have rapid flame spread characteristic and to require a rela-
tively low ignition erergy.

The exhawst plume consideraticnson propellant selection
{ involve saveral coverlaping cbiectives and will be discussed

NI TIPTTY
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TABLE 2

PRCPERTIES QOF C3NDIDATE PROPELLANTS

1 P 3 4 5
JFAP
Composite | NC/NG Compcsite [High
UFAP with Fe Double mod. dou- lenergy
Composite [catalysts | bacs ble base {smokeless
I S03
standard theoreticall 241 239 247.8 250 254
Tona G.95 x 241 10.95 x 239
stardard delivered = 229 = 227 234.2 244 244
re 10,000 psia
in/sec ~ 5.5 > 8 4.0to05.2] > 13.0 > 12
n, exponent 0.55 | 0.6-0.7 0.81 0.75 0.7
p., density -

c . Ag[cm3 i1.65 1.66 1:60 1.72 1.73

= 2ax/dT,) =
hd p - * - -

P 0 %/K 0.25 0.25 Q.AS 0.45 > 0.30
Mw,ch’ g/g-mole 24 .04 26.90 28.36 22.60C
v 1.2 1.21 1.2 1.26

ch
Tf,ch )

Theoretical, K 27486 2700 3194 3081 3010
Tf,ch
Actual, K 2470 2430 2880 2773 2710
c*, Actual
Ft/sec 4670 4874 4826 5240
c:p,ch =
cal/g K 0.53 0.4052 - 0.42 0.42
Cc
— cal/qg K 0.3 0,30 0.39 0,38
A
¢  cai/sec Kem | 0.0009 0.00075 | 0.00098 | .000S




in a separate section of the report.

Survey of High Burning Rate Propellants

A wide range of solid propellants have keen examined 1in
terms of the Hit requirements. On 17 May 1971, M. Summerfield
and L. H, Caveny of Princeton visited the Feltman lL.aboratories
of Picatinny Xrsenal and discussed the propellant selecticn
with J. P. Picard, C. Lenchitz, R. Wetton and R. P. Baumann.
On 11 May 1971, L. H. Caveny visited the Naval Crdnance S3tation
at Indian Head, Maryland and discussed the Hit propellant
selection and internal ballistics with A. Camp and J. H.
Wiegand. Sinca both the Feltman Laboratories and the Haval
Ordnance Station are primarily concerned with 3double-base
propellants, the discussions centered on what can be done to
increase the burning rate and performance of double-base
propellants. It was generally agreed that the standard M-7
propellant represents an upper limit of burning rate combined
with good specific impulse. As a result of these discussions
a series of M-7 strands was burned at the Feltman Laboratories.
At 10,009 psi, the strand burning is 4.0 in/sec. Tris is
probably the upper limit of burning rate since M-7 and M-S
burning rates in motcrs cre lower than strand burning rates.
Thus the Hit requirements can be achieved only by using very
thin web propellant configurations, such as a double web
internal burning, case-bonded propellant grain with a single
web thickness of 0.030 inches.

On 31 March 1971, L. H. Caveny visited the Huntsville
Division of the Thiokol Chemical Ceorporation and discussed
high burning rate AP composite prcpellants with W. E. Hunter,
D. A. Flanagan and J. 0. Hightower. Much of the Thiokol inform-~
ation is included in Ref.’! In response to leitters requesting
specific propellant information the Atlantic Research
Corporatlon3‘ and Alleghany Ballistics Laboratory of Hercules
Incorporated®® provided information cn several prepellant
types.

Because of the many considerations, in our opinion it was
not advisable to eliminate at this stage of the evaluation
several of the propellants that have qucstionable character-
istics. The five propellants {(which we believed tc be
candidates) are listed in Table 3 which 2iso contains a list
of properties which are needed to make 2 Dre14m1nary evaliua-
tion cf each propellant. All of the propexties in Tabile
are inpuf properties to our Transient Gas Dynamics and
Burning Rate Modal and Motor Components #Model.

Propelliant Tyves

The propellant to mest the *cquiremen?s of Tabl should
have a burning rate of at least six inches par secon

10,000 psi and have a high specific

e 1
d at




impulse without the use of metal fuecls, Since there iz no
ideal system in terms of availability, high specific impulse,
high density, and low temperature sensitivity, it is necessary
to consider various trade-offs among these parameters to
determine the most suitable propellant. 2 bibliography of
modern high burning rate prcpellants is given in Appendix 1.

Some propellants based on boron compounds have high
burning rates, high specific impulses, and excellent tempera-
ture sensitivity characteristics. Tests of these progel-
lants have demonstrated that the casting properties, the
bending capability, and the prysical strength zre adequate
for use in thc Hit system. It should be nocted that thase
propellants will have a high percentage of boron oxides in
their exhaust. A potential advantage of the boron compound
propellants is that the boron oxides in the chamber will
assist in dissipating scme types of combustion instability.
It is expected that these oxides are in the sub-micron size
range. However, these oxides will increase the cool down
time of the exhaust plume.

NF propellants have been actively considered in studies
to obtain a low smoke propellant. Thess propellants contain
no metal oxides in the exhaust and have high specific impulses
over a satisfactory range of burning rates. A difficulty with
the NF propellants is the high temperature sensitivity of
the burning rate , as great as 0.40%/k. Based cn our recent
studies of pressure overshoots resulting f£rom dynamic burning
rate?* 7% we expect that propellants with temperature sensitiv-
ity values in this range will have serious ignition problems.
One of the problems experienced in obtaining a truly smckeless
NF propellant was the condensation of exhaust products at sea
level conditions. Under the vacuum conditions cof Hit, exhaust
condensation is unlikely. Thus, the NF propellants may prc-
duce a 100% gaseous exhaust. In the consideration cf the NF
propellants, we must balance the potentially poor temperature
sensitivity against the highly desirable exhaust which is free
of solid particles.

The marked difference in the *emperature sensitivity
between the NF and the boron compournd propellants can be traced
to the different mechanisms of their burning. The NF's have
a high heat release since thev burn as enrergetic binders. The
binder in boron compound propellants is pyrolyzed as a conven-
tional hydrocarbon binder and therefore reacts in the gas
phase. It is expected that the boron compound propellants
have surface tempevature similar to the hydrocarbon binders
and that the NF propellants would have a lower burning surface
temperature corresponding to that of dcuble-base propellants.
These trendg are consistent with the trends predicted by the
kTsSs model®”, which showed that increasing the heat release
on the surface (e.g., using an energetic binder! and lowering
the surface temperature tend to increase the temperature
sensitivity of burning rate.

* Since the NF propellants have been found to be particle ‘ree in
the #it cperating pressure range, it muy be necessary to include
an additive such as carbon black as a suppressant for combus-
tion inscability.
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Another well characterized family of propellants, the
composite modified double-base propellants, can also meet the
Hit burning rate requirements by using moderately small AP.

The nonventional ammonium pexrchlorate composite propel-~
lants can meet the burning rate reguirements only if they are
catalyzed with metal oxide producing burning rate catalyst.
However, their high specific impulses depend on high percent-
ages of ammonium perchlorate which result in very viscous
propellants that are difficult tc cast. There is an interest-
ing trade-off bai 'een the viscosity of high AP percentage
propellants and the easier to cast propellant grains that take
advantage of the higher burning rate propellants. Wwhen iron
compounds are added as burning rate catalyst, metal oxides
will form in the exhaust. For example, to relate the percent-
age of ferrocene added to a propellant to the percentage of
metzl oxides in the exhaust, an approximate calculation
indicates that 2% ferrocene will produce 0.4% Fe203 in the

exhaust.

Examining the various propeilant systems in terms of
storability, a large amount of data exists on the primary
propellant ingredients such as ammonium perchlorate and
hinders. However, several of the ingredients such as
nitrocglycerine and faerrocene plasticizers must be carefully
examined bifore thev can be considered for eithesr vacuum
storage or storage in fiber glass type motor cases.,




MOTOR DESIGn AND TRADE-OFF CONSIDERATIONS

Baseline Motor Design

The design of a baseline notor is a ey step in defining
the problems thac reguire further study. The propellant
requirements cannct be esiablishked until trade-offs between
items such as burning rate, chamber pressure I_/W Xad

I ¥ys, speci
impulse, and case diameter are =valuated and under
informaticon for Table 3 was extracted from Ref.’® and from
conversations with ABMBA and LTV personnel. Tabkle 3 is a use-
ful starting point for these stvdies, i:iowevir, the relative
importance of the various items in the spec:fication must be
established before a thorough tra-de-off &nalysis can be
completed. For example, it may b-: possible tc reduce actiocn
tize by reducing the mass fracticn. Also, the mass fraction
cZn be increased by using a nozzle with an el:ptical exit put
only at an added fabricaticn expensc to the end-item assembly.

figure 17 is a schematic drawing which shows the case and
nozzie configuration which was considered. The eguations for
the dimensions, weights, aad volumes of the case and nozzle
cormponents have been programwed for corputer solutions. The
solutizns are formulated so that the primary constraints are
case diameter, port to throat z2rea, and total impulse. Light-
weight nozzles are considered. For example, Figure 18 shows
a submeryed type of nozzle that has a throat insert and
refractory insulation on the exit ccne. No attempt is made

tc include all of the details of items such as flanges and
welds.

The range of designs which can be considered is consztrained
by three special features of the Hit impulsive thruster: the
very short acticn time, the high length to diameter r

rrtio; and
the center rented chamber. A range of workable motor designs

wers arrived at by an iterative procedure. We will discuss

the caliculations and results that were used tc make our
decisions by making comparisons ic tlre baseiine motor described
in Table 4. The results of Fig.i9 relate the range of burning
rates regquired to meet the actior time requirement to the
available web fractions shown or Fig.2§ The summa:y on Fig.2§
indicates that star type of propellant configuration can be
used with a case diameter of 0.30 inches and z burning rate

of 10.2 in/sec. (The bases for selecting a case diameter of
is discussed.} 1If a

a wago'.wheel type of propellant confi
As indicated on Fig.21 wagonwheel con
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B TABLE 3

v

XAMPLE SPECIFTICATION FOR MICRO-ROCKET

a3 Units are inches, seconds, pounds mass, pounds force, and
LG degrees T.
i Baseline
Total impulse, Ips 1bf sec 3.5
 ;-” Action ti=me, ta 0.005-0.008
E - Peak thrust, 1bf 700.0
Qi;i Thrust misalignmenz, 3 35, deg 5.25
if;i Gutside diameter of case, 2_ ., in 5.25-0.45
'>; Minimum design factor, @ 1.3
3 é Maximun tenpsrature on outside
g of case, T 200.0
’? ﬂ, ¥ass fraction of complate mOtor 20.49
- Overall length, in 26.9
Ignition delay to first thrust, ssc <0.0015
Variation on above ignition
delay, 30, 3% <420
Variation of centroid of
pulse, 3¢, sec <§.00125
¥atal oxides and other sclids in
exhaust, % <g.1
Operating conditions vacuun
Motor temperature, T 56~-70
Axial acceieration g's 120
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Fig. 19 Effect of burning rate and chamber pressure

on burning surface area and web fraction .
of baseline motor.
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Fig. 20 Relative web spectrum and attributes of

grain designs (after Billheimex)
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CONFIGURATION WAGONWHEEL | FORKED b STAR, STAR, ISLOTTERD
WAGONWHEEL | IDEAL THICK |[TUBE
RELATIVE wEB 0012-0017 0020-0.25 003"0.4 Dg6"0o8 0'8“009
WEB/RADIUS
GROSS VOLUME LOADIRJ 60% 70% 75% 85% 95%
SLIVER (IDEAL) 2% 3% 5% 4% 0%
CONFIGURATION 90% 92% 93% 959 g%
EFFICIENCY, 3
MAXIMUM L/D FOR UNLIMITED $5:1-8:1 4:1-5:1 B:1-4:1 [2:1-3:1
NEUTRALITY*
CASE EXPOSURE NONE TO WEE NONE 10 WEH NONE TO | NONE TO| PRIOR
WEB WEB TO WEH
COMMENTS PERTAINING | LOW VOLUME | GOOD GULOD Low LOW
TO HIT LOADING L/D L/D
*L/D IS BASED ON 1/2 OF MOTOR LENGTH

Reutral burning




l.o

OPERATING RANGE
OF BASE LINE DESIGN

4 STAR
| 0 WAGONWHEEL ) SLOT AND CONOCYL
yw,)
5| o oo o S
o @ GROUP CENTER P . .
49,96 faY /
8 ] A A /
" I A ,’
Lo \
5 o A/ A STAR TYPE GRAINS
3 | s o 2 (WEB TYP 1/4 TO
S o/" 8 1/2 RADIUS)
Fa
% 0.92 L
5 o :/ . WAGONWHEEL TYPE GRAINS
P ——— a (WEB TYP 1/6 TO 1/3
8 RADIUS)
c 3 o o
DENDRITE TYPE GRAINS
0.88L o BASE LINE (WEB TYP 1/6 70 1/4
B N OF RADZIUS)
port’/ Pt
TOO SMALL
1 R 3 ) ] 1 s )
0.4 U.6 0.8 1.¢

VOLUMETRIC LOADING FACTOR,p

Fig. 21 Configuration efficienty as a function of volumetric
loading factor for grain designs of various typical
web thicknesses (aftesr Billheimer)




have lower volumetric loading densities and configuration
efficiencies than starpoint configurations.’® Thus using
the lower burning rate of 10.0 in/sec does not peralize the
system and gives us more latitude In selecting the propellant
formulation. Another consideration for a neutral burning
propellant configuration is the burning surface perimeter.
Figure 22 shows the range of the ratio of burning perimeter
to the circumference cf the grain. The baseline design is
in the proper range to achieve a neutral burning propellant
configuration. However, as the buring rate increases, it
becomes progressively more difficuvlt te achieve a neutral
burning propellant configuration. (Neutral burning means
that the burning surface area stays reasonably constant as
the propellant burns.)

One of the constraints on the system is that the motor
must exceed a minimum length. Figure 23 shows how a range
of lengths affects volumetric loading density. If the case
diameter is too small, e.g., 0.25 in., the loading density
is very smell since the cross-sectional area of the port must
be iarger than the nozzle throat area (e.g., A ort/A¢>1.0).
Tae rapidly increasing Mach numbers of the in:Brnal flowe as
AL, t/At approaches unity produce serious performance losses
sgcg as pressure drops in the direction of flow, nonuniform
burnout of the propeliant web, and thrust misalignment. The
larger diameter motors are more inefficient since volumetric
loading densities are tco low.

Even if a relatively small initial port area to throat
area ratio is used, the high degree of surface blowing prc-
duced by the very hicgh burning rate propellants eliminate
serious ercsive burning effects. This ohgervation is supported
by the recent calculations ofzgilloughby and was reviewed in
terms of Saderholws critericn” -

Even though the action time is short, the very high opera-
ting pressures being considered complicate the nozzle design.
Several series of heat transfer calculations were conducted
te evaluate the rnozzle insulation requirements. Twe design
situations were considared:

1) an uninsulated steel throat section and exit ccne

2) a 6.010 in of Al,0 type of refractory coating on
a steel throat section.

Y

The convective heat transfer coefficients were estimated
using the eguations of Ref. 26, and the baseline propellant
gas properties Figure 24 shows that situation 1 is marginal
for chamber pressures 10,000 psi and unsatisfactory for 15,3900
psi. Situation 2 appears to be generally satisfactery since
the surface temperature is well below the melting point of
3 the refractory coating and since there is only a slight increase
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in temperature at the refractory coating/steel interface.
Calculations were also carried out for the exit cone (Fig. 25;.

The ratio I, W,.. is a gocd performance indicator
for the motors wé a%g %udylnn. The ratio W /¥
{used in Ref. 34) is not as revealing since R¥°BoekCnot fully
account for the importance of specific impulse. Figure
shows that the baseline case diameter does not produce the
most efficient motor. However, the L/D requirement limits us

to a diameter of approximately 9.30 inches. As shown in Fig. 2%,

the nozzle weight iz a larga fraction of the overall motor
weight. Because the chamber pressure is high and the ambient
conditions are vacuum, la*ge increases (e.g., 30 sec.) in I g4
can be achieved by increasing the exit diameter. To limit °
the vibrations in the system, it is necessary to use a rather
stiff nozzle ring and to firmly secure the exit cones in place
For these reasons the exit cone shell thickness (7,4 on Fig. 18;
was maintained at a minimum value of 0.605 inches. The net
result is that any performance increase obtained by a larger
exit cone is nullified by the increased weight of the exit

cone. This trend is shown in Fig. 26 when the exit diameter

is de-reased from 1.5 to 1.0 inches. Figure 27 shows that a
good value of D is approximately 0.6. Another impcrtant
result shown on Fig. 27 is the effect of increasing chamber
pressure. The increased I_ 5 and loading density correspond-~
ing to the higher chamber preéssure are nullified by the
increase in case weight.

g

The interpretation of ressults of Figs. 19 through 27
is a first step in defining the operatinz range and propel-
lants. However, interpsting the results has to be evaluated
in terms of items such as: the basis for selectinj a particular
motor lenwth, the relative importance of Ip/Wyp in terms of
material =wcsts and ease of handling, the penalty for increas-
ing actica time; andé conditions under which increasing action
time while increasing Ip/Wys is a net gain.

Calculatesd Pressure Pespounses

Thez analysis section emphaazzea the n=ce551ty of accurately
treating the transient burning rate and the interactions betwesn
combustion and gas dynamics. The results*in Figs. 28 and 29
are typical of the results which are obtained from the tran-
ient gas dynamics and burning rate modei. The uniform g vs t
during the first two milliseconds {shown on Fig. Z9) was
obtained after conducting several computer experiments where
igniter mass flux, igniter heat fiux, nozzle clcsure blow-out
pressurn, and propellants were varied. Figure 28 shows some
of the aetails considered in selecting propellants, cneratlng
rangss, and igniters. Note that at approximately 0.5 milii-~
seconds, the propellant becomes fully ignited and any addi-
t+ional contribution from the igniter is not required. GCne
item that is necessary to achieve precision of the thrust
versus time trace is to find the deomain where the propeliaat

¥ These resuits are for the design described in Table 5 which
will be discussed in the section entitled "Perfoimance Aralyzed
in Terms of F vs &."




o
o
O r
~t

— —Pch = 15,000 psia
—— = 10,000

1200

REFRACTORY
///f—— COATED SURFACE
& =4

EXPOSED STEEL

REFRACTORY

COATELD SURFACE
4£<:’-. € =25

EXPOSED STEEL
—— SURFACE, € =25

SURFACE '"EMPERATURE, Tn n’ C
14
400 800

— -
- —
—
—

9  0.602 0,004 0.006
EXPOSURE TIME t, sec

Fig.25 Surface temperature of nozzle exit,-
uninsulated steel and0.002 inches of
a refractory coating on a steel sheel




-59 -

UPPER MAP Dg=l,0
LOWER MAP = 1,5

60

70

I R WWMO

REGION WHERE PORT AREA
iS TOO SMALL

€0
—

% BASELINE MOTOR EXCEPT FrOR Dp
Pig.26 Parametric map of effect of loading
density, case diameter, and nozzle
exit diemeter on motor specific impulse

""‘rvl"ll!'m""“‘"'T'" Y




e e ==

'
O
L)

|

® BASELIRE XOTOR

80

op, web” "m0
 §
w;;n:vc:vp/‘"'t'm
0.5 )
NOZZLE WHIGHT,W,,1b

70
rno
0,3
4

Pig.27

Poh,web ® 10,000 psia
= 15,000

0.0%0

m—b‘

o2 010

TOTAL MOTOR WEIGHT, Wyg, Lb
0,045

0,040

i
0.3
FO2ZZLE EXIT DIAMETER, D, in

0
ot

Effect of varying rotzle exit diazeter on
perforzance ot baselins sotor.




o

™

e

]

.mw " . 4

o
4 ' (, Ve
.4 ol 1] ﬁ‘
r n.m u.% ”m... s AV % ' " o NY W )
" 388 §¢€¢ .08 IR . SR - S
" n:_o rﬁw 0.“” nuw ‘ \“ nt K.—. ..-.“ ?.. .;“ ' %mw .w_.) 1...." .% p aw W &MV MH. U
» N " ' (o

m ﬂ AT & T s | o e LV A B B ¢ ] .&M N ”... s_.n i ﬁ. .u" o .
b ]
o & ' 4
ol W 1 we

.:"
ey, v (% e .
N .:“. m

bt -
TORMRNCE PR

sign
mass,
ise .
s
f3)

3

kSt

£
ver
ing

g
ses

"
0
Cod e m by . § i ¢
R B BT A T T O
LY e B W~ ~ y : g Y ) ! B |
"0 m..r (N .r«w ol t& ;o . :.m. Q .ﬁ “u . ™ o ,.a )
:.w . ot ¥ aw N . Y ﬁ ¢ 0w ol ot ) .m
it g 8 i 8 . ¢ % W »o g o B Ol 9 .
G w 88, .38 REVE g, bl ;
g % MLoa H W ow Wb VR b
0 z Y B 4 vl i W o 9 & O p
i D " b k ,m/w 20 by "v m . a 3 ? MY n
e .m m. N b - & Am £ P 2 ) o0 oM 4) .&
¥ o ”.. _.“ m, o ,m n., M, o & b p % yoo ) ) IR A oo
, ~ I\ v + " Am 4 'm .@. ' ““ .Mm { o a 1] ”w. 5 .hw wrt ;
& s "~y 1 .m e e v " " o | W ) ) m g m.., ”.v .m“
P B3 G %gyElbyy SR g by g 8
0 o & H & - w a g o om P VY & I %
g4 s d g LU EE R g - TR IR
o » a9 & & 3 "o m. o W8 v 5 0. "ot ohg BR|woa
g / Sy SEU R « ol - mw vl @ M S S K /
| Mg - wm . v .oY m YA B .m Y g & 6 WU R ¥ 8 P "
o« B 3 /SR T T - PR R B B DA R
| R I B g3 r R ERT OB R ok yE g
ﬁ ' ..m w& a A il A [ & | ] b (o} ¢ U] .& m« .ﬁ .ﬂ n tm o ‘ﬂ
| - i m.w - * k A * ™

ot dorageh S Lt
dussirboiaih f bnidhata




- 62 -

TRABLE 5§ ({Cont.)

Overall Dimensions

Case lengtih 7.91

* Case outside diameter .31
Length of exit cone beyond case 0.53
Length to diameter ratio 25.5:1

Overall Weights

Propellant, wprop 0.0160
Case 0.0217
Case liner and insulation None
Nozzle 0.0038
Igniter -
Motor, WMO 0.0415

Propellant Ceometrical Parameters

Configuration Internal burning
double web

Outside diameter of propellant 0.300

Characteristic length, initial, L* 11.22

Cress-sectionel loading density 0.53

Sliver fraction 0.05

Web thickness 0.073

Maximum Mach number in port after nozzle
opens 0.21

Effective port area to thinat area after
10% of web has burned 1.5

Initial port area to throat area 1.4
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TRBLE 5 ( Cont.)

Chamber

Type

Material
" , strength level, psia
Nominal thickness
Tnsulation
Case wall thickness (0.005 is

minimum value from manu-
facturing consideration)

Nozzle

Type

Expansion Ratio

Divergence angle

Effective exit diameter of eliptical

exit plane
Throat diameter

Shell Material

" ", strength level, psi
Insert material
Shell wali thickness at insert

» “ ® " exit
Igniter
Type
Propellant weight
Duration
Heat flux to surface

Propellant type

Hellow fubing with
bonded end cap

Maraging steel
300,000
0.610

Case wall not insulated;
end caps lined

0.030

Submerged; cenical exit
cone; refractory coating

12.5

15.0

0.60

0.168

Maraging steel, Grade 250
240,000

Refractory coating

G.014
0.C05

Squib at one end
0.10 g

0.901 sec

200 cai/cmzsec

No. 1 in Table 2
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RESULTS ARE FOR MOTOR SIMILAR TO MOTOR
DESCRIBED IN TABLE 5 EXCEPT NOMINAL
OPERATING PRESSURE 1S 10,000 PSI RATHER
THAN 15,000.

i i ¥

1.2
|
e

1 \k//,- Tch/Tf,ref ~
/

1.0

p/pzo r/r'eq' 'l‘ch/Tf“ref
0.8

i J !
9.0 0.002 0.004 0.006 0.0C8

TIME FROM ONSET OF IGNITION STIMULUS, sec

Fig. 28 Chamber temperature and burniag rate
dynamics during motor operation
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RESULTS ARE FOR MOTOR SIMILAR TO MOTOR DESCRIBED IN

TABLE 5 EXCEPT

NOMINAL OPERATING PRESSURE IS 10,600

PSI RATHER THAN 15,000.

L

NOTLE:

STATIC PRESSURE/FINAL EQUILIBRIUM STATIC PRESSURE

¥ } 1 ]
HEAD END

HEAD END
NOZZLE END

Bch = 10,000 psi
=15,000 psi

BURNING RATE AT
NOMINAL OPERATING
PRESSURE WAS HELD
CONSTANT

° LR

Fig. 30 Effect cf

sbos

& i
7. 004 C.0086
TI&E' t, sec

decreasing throat diameter on pressure

varsus time history
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becomes fully ignited in a uniform manner. For example, 1if
the igniter heat €filux is tooc great the mass contribution

from the propellant will depend on the rate at which the
igniter volatilizes the propellant surface rather than on

the inherently moie <table process of self sustairning pro-
pellant combustion. FEelatively small igniters produce
extremely rapid Tiame spreading rates along the propellant
surface since the conditions of high burrning rate propellants,
high pressure, and low A_/A, coisiline to increase the heat
transfer to the propeliant 7772,

The decrease between the head-end and the nozzle-end
pressure is a result of the acceleration of the gases along
the port. It may be desirable to reduce the pressure drop
in order to achicve a more efficient motor case design.
Figure 30 shows that decreasing the nozzle throat diameter
so that the motor operates at 15,000 psi rather than 10,090
pBi increases > /A, and thus decreases the pressure drop
along the port. In the 15,000 psi case, the nczzle closure was
set to open at 95% of the operating pressure and in: the 10,000
psi case the nozzle closure was set for 75% of the operating
pressure.

while it was not possihie in this study to evaluate all
of the trade-offs in the motor selecticn process, several of
the design parameters used to achieva the ¥ M, in the
specification (Tatle 3) indicate clearly thg§°¥;b§8 3 is
presently unrealistic. Table 5 describes a motor that satis-
fies many of the regquirements in the specification. However,
the basis for several of the parameters is questionable. To
achieve the lcw inert hardwzre weicht miniature seals and
flanges were assumed and very high strength steel was used.
A higher prcpellant loading density could be cbtained by using
very low port area to thrcat area ratio which results in
high Mach numbers {0.3} in the port. This is a particuiarly
serious situation since the two opposing high Mach number
streams nust be turned 90 degrees. The decrease in specific
impulse resulting frcm turning the two opposing flows and
the ghort fiow path after the turn has nct been established-
Toc proceed into the next phass of a motor developmeny program
without more information on the effects of oppesing flows
could result in the selectior of motors that are light weight
but with inherently unsatisfactory thrus. alignment and non-
repeatable thrust versus time traces. 1Ia other words,
adeguate information must be obtained for es’ablishing at
what point decreases in motor weight actually degrade the
overail s./stem performance.
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EXHAUST PLUME CONSIDERATIONS

The exhaust plume considerations are complex and involve
several overlapping objectives and requirements which will
occur during the development, demonstration, and operational
phases. The literature on contamination from exhaust impinge-
ment?%-*% and flow fieilds “*”“% is only partially applicable.
Qur interpretation of a reasonable course of acticn is to use
2s a goal the requirements as set down in the specification
(Tabie 3) but not to penalize the performance of prototype
iwpulsive thrusters by items that are not important to the
prototype tests. In this manner, the system can ke developsd
2nd tested while allowing for improvements and changes that
will Zecur during the develepment and demonstration phises.

For example, during the development and demonstration phases
long term storage is not required; however, reproducibility

of the centroid of thrust versus time “races is very important.
Similarly, many of the tests can be conducted usiug propellants
that* produce submicron size, small amounts of m.tal oxide
pacticles (< 2%) in the exhaust. Since the Ac«trimentai effects
of metal oxides have not been established, studies to evaluate
metal oxide effects can be conducted concurrently with tfest
programs that use prototype versions of the impulse thruster.
For example, one of the items to be evaluated is the size of
the metal oxide particles (in the exhaust plume)} produced by
iron compound, burning rate cataiysts. If the iron oxide does
not agglomerate into large particies, then the thermal response
of the iron oxide may closely follow the thermal response of
the expanding exhaust gases. It appears likely that the present
Hit impulsive thruster requirements can be met with a propel-
lant that does not produce metal oxides. However, improved
motor performance can be achieved if the present limitaticn

on iroan compound burning rate catalysts can be relaxed.

Table 6 lists some of the developmental test conditions
that apply to metal oxides in the exhaust. It is important
to note that the three test conditions are very different from
each other. (We realize that Table § deals with only cne
aspect of the exhaust plume considerations.) In all situa-
tions, it is unlikely that appreciable guantities of the
relatively heavy metal oxide particles will come into contact
with the system. A potential source for concern is the accu-
mulation of gaseous exhaust products during the tests under
vacuum conditions. In that case, the lighter mclecules may
be the most likely to come inio contact with system.

Exhaust Bmissions

The reasons for c¢liminating metal oxides from the exnaust
can stem from several requirements. One requirement is that
as the hot metal oxides are exhausted, they are siow to cool
dcwn under vacuum ccnditions and therefore can be detected by
various heat sensors. Internal ballistic studies indicate that
the exhaust pressure will be greater than 50 psi and thus the
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TABLE ©
COMMENTS OX DEVELOPMENTARL TEST TCNDITIONS THAT RELATE TO
METAL OXIDES IN THE EXHAUST
Tests at normal " Tests under i Flight
. _ambient conditicns ! vacuum conditicns |  tests
H 1 :
i ; 1
Environment : 1lg ; lag :
. 1 atmosphere i . 0.05 atmosphere ! . 0.05 atmo-
) 50 to BO F ) ; sphare

« el x

Gaseous exhaust
considerations

Smoke =3y be remnved
by low welocity air
flowing past mo%*or.

o

Exhaust gases czn
i

accumtlate in

- vicinity of

system.

System is
accelerated
away from
exhaust
gases.

Metal oxide
consideraticns

Fox a motor fireé
downward gravity and
momentum of exhaust
products aTt so as
tc prevent metal
oxides from sccusu-
lating in the vicin-
ity of the system.

" For a motor fired

. exXnaust products

N

downwargd gravity
and monentum of :

act so as to pre-
vent metal oxides ;
from accumulating
in the wvicinity ;
of the systeno. :
However, some of
the lighter geses
may diffuse to-

ward the system.

T

The individ-
1231 metal
oxide parti-
cles in the
exhaust have
much greater
momentum
than the
molecules of
the gaseosus
products and
thus are no*
likely to be
entrained by

§ the systen.
i
Storage pericd <1 vr. -1 yro g <1 yr.
Operating 20 to 8L T Kot establiished ¥ot
tosperature established

[T ———
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plume will be relatively dense. An all gasecus ex.saust will
rabld;' dissipate ané leave « very low thermal signature.

Radar return can t > greatly influenced by the fgee
electrons in the exhaust. NF propellants produce 1~ o
attract the free electreons. The C10 in the exhaust is not
disturbed by the radar because of its reliat 'vely high mass.
However, the low mass free electrons in the exhaust are
excited by the radar and will reflect radar waves and diminish
the transmission through the exhaust products. The serious-

ness 2% this depends on whether the radar is communicating
with the vehicle or whether the radar is trying to lccate the
vehicle. Propellants containin~ aluminux will have a2 higher
flame temperaturz which vill pP...uce more ionization, angd
thus more free electrons anpd higher thermal emissions.

Thz wave I&ng hs of radar transmissions ares large
compared Lo the micron size of the oxhaust products. Accord-
ingly, the scattering cross sections of the particies are much
srpaliler than the actual cross sections. Thus, the Hit system
operates in a good regime as far as radar detaction is concerned.
Bowever, it is not in 2 good regime as ‘ar as near infra-red is
concerned because the particle cdiameter 1is an appreciable
fraction of {or larger than) the wave length of the radiation.

The benefit of replacing AP with HMX in smokeless pro-
pellants at sea level conditions is that the concentration of
#{1 is reduced. HC1 promotes the condensation of water by
reducing the vapor pressure of small droplets. Acain, bezcauss
of vacuum conditions, the likxelihcod of condensaticn of water
vapor is remote even with the presence o5f a high concerntration

BC:.

G
=
:
i0
2

Back Flow of Exnaust Gases

As the under-expanded gases fiow past the exit plane of
the nozzlie, they undergc further exvansion and turn away fros
the centerline of the nozzle. This will be refarred to as the
plune interferance croblem. Under the confitions of sufficiently
low back pressure and high exit pressure, it i
principle) for part of the exhaust gases tG tu
and impinrge on the motor tase. This impingement (also rzferred
to as spillage} can have complicating effects and should be
avoided.

Prd guts

Pt

The turning angle of the sxhawvst gasces flowing past the
nozzle exit plane {(i.e., =_ shown in Fig. 3}) can be approxi-
mated in terms of the Prandtl-Mever ancgle. This turnine angle
is a first app*ox-mation tc the limiting stream line of the
exhaust plume. 2&s a general reguirement, - should be less
tlhan 90°. Figure 32 illustrates those items which tend to
yeduce %_.- Increasing the diameter of the exit piane {i.e.,
the expansion ratio} and the ratio of specific heats of the




L e )

-
7

/ XOTOR CASE ’ !
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b} ROZZLEZ EXIT FLOW PARALLEI TO CESTERLISE
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F.g.31 Schematic drawing showing limiting stream lines
of contoured and cenical nozzles exhausting int
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exhaust gases decrease the turning angle. The effective cross-
sectional area of the exit plane can pe increased (within the
present envelope constraints) by using an exit cone with an
eliptical crose-section. Indeed, losses resulting from the
complex flow patterns in the nozzle resulting from the center-
vented configuration, may be reduced by using a throat section
with an eliptical cross-section. Such a nozzle should have a
more uniform pressure distrioutien at the exit plane. Also. as
indicated on Fig. 31, reducing the nozzle exit divergence angle
has the effect of straightening the flow. It is important to
note that under hard vacuum conditions vehicle movement during

motor operation has no appreciable effect on the shape of the
exhaust piume,

A series of calculations was performed to investigate
those items which tend to reduce the lixelihood of 3, being
greater than 90°. As shown in Fig. 33a increasing the nozzie
exit diameter decreases Ip . p/Wyo ince the increase in
delivered specific impulse'(?zn.'SBb) does not off-set the
increase in nozzle weight Fig., 33c., As indicated in FPig. 32,
the exhaust gas composition has a large influence on ¢,. For
very short nozzles, the guestion naturally ariges as to
whether there is sufficient time for shifting composition to
be valid. Figure 334 indicates that the exteat te which the
compesition does not: shift as the gas flows through the nozzle
has an appreciab’e effect on the conditione at the exit plane.

Figure 34 shovs the combined effects of tailoring the
propellant so that it has a highex ratio of specific heats
and increasing the expansion ratio, €. Any change that shifts
the opexrating point toward the upper right hand ccrner of the
figqure decreases the likelihood of spillage. (The theoretical
boundary of no spillage is shown by the row of arxrows). Since
there are envelope constraints on Dgp,€ can be increused by
decreasing A, and thereby increasing the operating pressure.
Previous discussiong pointed out that if an AP composite pro-
pellant is used, the tradeoffs bztween Ign30 burning rate,
processability, and metal oxides in the eggaust will influence
the AP percentagc. These tradeoffs are further complicated
since lcwering AP percentage significantly reduces the like~-
lihood of spillage.

The foregeing discussion was included to illustrate the
spillage considemation in the overall aotor design process.
There appears to be reascnable latitude available to design
around the occurrence of spillage.
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PERFORMANCE ANALYZED IN TERME OF F vs t

The transient ballistic performance model was used to
study how various motor and propellant variables influenced
the performance of the motor described in Table 5, referred
to in this section as the Baseline Design. The results are
presented by comparing thrust versus time programs (F vs t).
Since the Hit impulsive thrust rotates about an axis parallel
to its axial center line, it is important to understand how
the shape of F vs t affects the directed thrust vector (Ir)
and smear factor (¥Yr/It). These terms are defined and dis-
cussed or Page 34. It should be noted that the calculated
F vs t results are idealized compared tc measured F vs t for
systems as complex as the Hit impulsive thruster. The re~
sults are idealized primarily because there is no practical
way of fully accounting for the nconuniform burning of the
propellant. We expect that the sharply defined on-set of
tail-off in our calculations will not be observed even in
the most carefully manufactured Hit impulsive thrusters.
However, we expect that the extent to which changes in motor
and propellant variables influence both measured and calcu-
lated F vs t will be comparable,

An important manufacturing consideration is the dimen-
sicnal tolerances to be held on the propellant grain. ‘These
tolerances will strongly influence the final selection of
the type of grain design and manufacturing technique to be
applied (e.g., extrusion of an internal star or casting of
a longitudinal slot). As an example, calculations were made
to simulate the effect of off-setting a star-point mandrel
by 0.0G35 ir. (about 5% of the web thickness). The F vs t
results of Fig. 35 show that the effect is slight. Fven
though the dimensions cf the grains are small, it is reason-
able to expect dimensicnal consistency to within + 0.093 in.

All of the performance nredictions discussed thus

far were for motors with nozzle closures designed to open
very near to the motor coperating pressure. The success of
neozzle closures (that copen after the motor is near its oper-
ating pressure) in obtaining redroducible p vs t histories
has been conclusively demonstrated {e.g., the micro-motor
ballistic test device developed by Rchm and Haas). Since
the Hit impulsive thruster is to be stored and ignited under
vacuum conditions, some type of nozzle closure is essential.
The primary gquesticns that remain are: what is the most
vesirable opening pressure and what mechanical design is
most suitable from overall system considerations. Figure

36 shows calculated F vs t for nozzle closures with removal
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———— BASELINE DESIGN, TABLE 5

— — — SAME AS BASELINE EXCEPT SLIVER IS INCREASED 5%
BY OFF SETTING STAR-POINT MANDREL 0.0035 INCHES

o
oL
o
o \
o L
<
e
@
= A
“ 1
o | &4 SLIVER BURNOUT
0 )
2
Y
& F 2
%
Q
Q|
QLU
N
£
2
N
2
\\&
N
o \ i i 1 £ A i ~L i 1 —
0 0.002 0.004 0.006 G.o08 0.010 0.012
TIME AFTER ON SET OF IGNITION STIMULUS, t, SEC
Pig. 35 Calculated thrust versus time programs showing how

a baseline configuraticn is altered by core misalignment
which increases sliver fraction 5%.
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~———— BASEZLINE DESIGX,  TABLE 5

—~— — — SAME AS BASELINE EXCEPT PRESSURE
REMOVAL IS DECREASED FROM 14,000
"""" SAME AS BASELINE EXCEPT FRESSURE

OF N02ZLE <CLOSURE
5.000 PSI
NOZZLE CLOSURE

r REMOVAL IS DECREARSED FROM 14,00G PSI TO 1.000 PSI
{ = TN NQZZLE
4’ . -
= : i CLOSURE 1,./Im
§ ! A /{/ \.“ PRESS.
1}
)’ \« 14,000 0.948
f ' \ I 5,000 0.951
[ 1,000 0.951
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TIME AFTER ON SET QP IGNITION STIMULUS, ¢, SEC
Pig. 36 Calculated thrust versug tipe programs showing how

a basaelins configuration is altered by decreasing
pressure of nozzle closura removal.
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Ir,max

——— 3ASELINE DESIGN, TABLE S 3.82
(BEE FIG. 35)

T T SAME AS BASELINE EXCEPT NOZZLE CLOSURE 3.81
REMOVAL PRESSURE IS DECREASED FROM ’
14,050 PSI TO 5,000PSI {SEE FiIG. 36)

T T 7~ SAME AS BASELINE EXCEPT NOMINAL OPERATING 3.74

0.96

0.94

ik

SMEAR FACTOR, Ir/IT
.92

0.90

.88

PRESSURE IS REDUCED PROM
10,000 PSI (SEE PIG. 38)

-

15,000 PSI TO

BIT.BASELIHE = $.01 LBP-SEC

DEG
20

8,
iQ

IMPULSYE VECTOR,

0

~-10

je———35 LIMIT I

DIRECTION OF TOTAL

- ! SPECIFPICATION } \
. f:’, 1. 1 A F'e ? ) . J 3 3
-5.002 - 0,001 D +0.001 +0.002
ERRCR IN teen, Aterr' SEC
EARLY IATE

Fig.37 Effect of P va

t program oa total impulse
vector.

LBF-SEC




-80-

pressure »f 14,000 5,000, and 1,000 psi. 3s the nozzle
closure prassure decraases,the action ifime of the umotor
increases snd the F vs t shape becomes progressively more
rounded. On first app=arances one might expect that the
more rounded F vs t would have a much smaller smear factor
(I,/ir) and smaller Ir. However since the motor is oper-
ating under vacuum conditions with a prescribed nozzie,

Ig to a yood approximation is independent of pressure.
Figure 37 shows thut approximately 2% additional losses in
Tf coupled with thrust misalignment of 12 degrees occurs at
the specified 3¢ limit on teen- Rounding of F vs ¢ 2as in
Fig. 36 results in only slight additional losses: an addi-
tional 0.5% loss in directed total impulse (I,) ard no apprec-
iable change in the degree of thrust misalignment.

Trhroughout this series of czlculations, it was noted
consistently that small departures in F ve t had insignifi-
cant effects on T,. This observation is strong evidence
that the operating point of the Baseline Design has been
properly selected. As an example of the effects produced
by large departures in the Baseline Deisng F vs t, F vs t
was calculated for a nominal pressure of 10,000 psi rathe
than 15,000 (see Fig. 38). This change increases the action
time by 0.0013 seconds and decreases the directed total
impulse Ir by about 2%.*

The effert of decreasing Apgr+/At has been discussed
praviously in terms of the adverse effects that the nigher
internal Mach number would have on thrust misalignment anc
losses produced by turning the port flow 90 degrees. Fig-
ure 32 shows a F vs t prediction for a 50% reductinn in the
pert area. FfFigure 40 shows the combined effect ot decreasing
Aport and the nozzle closure remov:..l pressure. The high pres-
sure drop along the grain has the effect of rounding off F vs &
and the increas2d mass addition losses decreased the totsl im-
pulse by 3%. The turning losses were not accounted for. How-
ever, one should anticipate that turning twc opposing Mach
0.46 streams will produce serious mixing lcsses at the con-
verging section of the nozzle. <Contoured vanes may reduce
the total pressure losses and likelihood of the fiow from
one end interferring with the flow from the other. Until
there is m~re experimental information {either coid flow mocdel
studies or motor firings}), there is no basis for expecting
that increasing the loading density c¢f the Baseline Design by
decreasing Ag,., will produce an overall increase in perfor-
mance.

A scries of F vs t predictions were made in which the
Baseline Design ignition conditions were rtnrbea. For

5.

v

exanple, the igniter mass flow rate was var:ed = 5C% and
the igniter heat flux was varied & Z5% while holding the net
mass and heat generated by the igniter constant. The net

* The lighter mot~r case resulting from cperxating at a nominal
pressur2 of 10,000 psi increases I_/W,. by 14%. However, the
maximum Mach number in the port is  increased from 0.21 to 0.30,
which greatly increases the uncertainties associated with
turning the port flow 90 degrees.
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BASELINE DESIGN, TABLE 5 .
—~ — — SAME AS BASELINE EXCEPT CROSS~SECTIONAL M}a}\ OF
PORT DECREASED BY 59% (PROPELLANT WEIGHT 15 HELD

CONSTANT)
BASELINE MODIFIED
MOTOR MOTOR
b4 6.21 0.46
o [ ; 1.05 1.26
{ 0.955 0.958
{ 4.01 3.94
i 0.10 0.15
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Pig. 39 Calcilated thrust versus time programs shiowing how
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area of port (i.e., vclumetric ioading density)
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BASELINE DESIGN,. TARLE 5
— — — SAME AS BASELINE EXCEPT PRESSURE OF RCZZLE
CLOSURE REMOVAL IS DECREASED FROM 14,000 FSI TO
5,000 PSI AND CTROSS-SECTIONAL AREA OF PORT IS
r DECREASED BY 50%.
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Fig. 41 Calculated thrust versus time program showing off

design condition produc=d by incomplete ignition
of burning surface prior to nozzle clusure removal.
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—— EBASELINE DESIGN TABLE 5

— =~ SAME AS BASELINE EXCEPT COMPGSITE PROPELLANT .
IS REPLACED BY DOUBLE BASE PROPELLANT (PROPELLAN:
VOLUME IS5 HELD CONSTANT)

o~ COMPOSITE DOUBLE
o NP BASE
r /r*’z 0.0014 0.0025
L 0.55 0.8
’ 10.90 4.0
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+-9.42 Calculated thrust versus time programs showing how
a baseline configuration ig altered by replacing
composite propellant with a double base propellant.
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BASELINE DESIGN. TARLE §

— — — SAME AS BASELINE EXCEPT: 1) COMPOSITE PROPELLANT
1S REPLACED BY DOUBLE BASE “ROPELLANT, 2) NOMINAL
OPERATING PRESSURE 1S REDUCED FROM 15,000 TO

i 10,000 PSI, AND 3) PRESSURE OF NOZZLE CLOSURE
REMOVAL DECREASED FROM 14,009 ¥0 9,250 PS3I
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‘Fig. 43 Calculated thrust versus time programs showing how

a baseline configuration is altered by a double base
propellant operating in an-off-design condition.
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following nczzle closure removal is eliminated by small
adjustments to the motor and igniter parameters, the re-
sult would be a motor that is very sensitive to small
manufacturing variations.

The results shown isn Figs. 35 through 43 illustrate
that the design (as it applies to internal ballistics)
presented in Table 5 revresents a good set of operating
points which are relatively insensitive to motor-tc-motor
variations. It is interesting to note that we have used
analytical techingues that can predict pressure and burning
rate overshoots to isolate operating domains whera those
particular transient effects are not detrimental. Thus
we end up with the ironic situation of describing a motor
whose performance can be approximately predicted without
considering dynamic burning rate effects.
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CORCLUSIONS AND RECOMMENDATIONS

Attention was focused on developing analytical techinques for
predicting the performance of impulsive thrusters and on analyzing
several of tne design considerations. Since specificat:ons for
the it system are still undergoing modification, it was ~not mean-
ingfut to study in depth designs to meet a particular specvifica-
tion. Instead, typical designs were evaluated to indicate the
general trends and the important system considerations. One of
the nai~r accomelishmentsof the study is the development of ana-
lyticel techniques which can be readily applied to analyze
particuelar motors.

1]

f

The mathenatical model for analyzing impulgive thruster in-
ternal ballistics and performance contains several features that
were previouslv unavailable. In particular, the model considers
interactions between chamber gas dvnamics and burning rate dynamics
over the entire duty cycle of the motor. Through the use of the
Zeldovlcn-&ovozhilov method transient burning rates can be calcu-
lated Zrom input values that are more readily obtainable than the
input values reguired by previously reported models.

One of *he explicit results of this study i3z the impulsive
thruster design of Table 5. The overall guality and practicality
of the design c2n be evaluated Irom two aspects: 1) the motor
hardware ané 2) the internal ballistics. From the aspect of
motor hardware the design may be idealistic since it calls for the
fabrication of high strength case joints, nozzle to case flanges
and ignicer bosses that use difficult to work with steels. Accord-
inglyv, W ,"M requirement in the specification {Table 3) will
] fic&-g t0 meet. From the aspect of internal ballistics,
sign looks very gocd. The design was placed in an operating
domain where generous manufacturing tolerances and off-design
conditions car be permltted without serious performance losses.

The use of a strong igniter and nozzle clesure designed to open
above 1000 psi are key items in cbtaining control over the ignition
interval and a reproducible centroid of the thrust versus time
progran.

As 2 result of this study, we have formed several opinions
cenderning how the propulsion sys*en development should proceed. We
beiieve that cznter-vented impulsive thrusters =an be built with
good nerformance. However, proceeding with the design of a motor
te nmeet the requirements of Table 3 without concurrent experxrenta’

uat mav delav obtaining information needed to size the mator
{e.g., thrust vector alignment of center-vented mctors,
= A___ /A_ ot repeatability, and plume interference;.
1S ﬁdg “th& propulsion problems (and subsequent fixes
T tors tc achieve the desired 4V) will be discovered
ing future development programs. We would like to
ion on items that may reguire a guantitative determina-
rafte the propulsion systems that are being developed.

stic upper limit of propellant leadiug
r-vented motors without destroying the

T



desired 1I_/W,,. characteristics Ly inZiecasing tharust mis-
« I . *
alicnment and tail-off.

2) What is the effect of out-gassing from plastic cases
(if used) and case insulation.

3) To wha: extent do impinging internal flows sause inter-
actions that produce nonrepeatabies anc Gisaligned
thrusts,

4) To what extent can kack flcw of the plume be zlleviated
by design changes involving such items as propellants,
pressure level, no=zle contouring f{c¢cross-sactional and
axiai contours), and exit cons surface ccatings.

The effects, chardctarization. and altarnatav
the above items are included in summary in Tab

The magnitude of the effects asascociated with Items 1
through 4 can be evaluated only by direct testing. xote that the
tests do not reguire that the te.: motc-s use ¢laborate fabrica-
tion technigques, high safety facter hardware wiil do. Analytical
treatments assccza*ed with each item would be valuable in finding
the best operating peints and design fixes {if requ,;ed,. in
particular, we strongly recommend studies be conducted on the
following 1nte*na1 ballistics and gas dynamics items:

1) Diagncstic tests under vacuum conditions to eveluate
those designs and propellants that alleviate back-flow
of the nlume (and not mereiy measure the plume spillage
for a2 few ccnfigurations).

2) Systematic tests in a high precis
thrust stand (or t:ie ejuivalent ha
to quantitatively establish the inf

oy 1tz~cawnore 13
stics device}
ence of ;ngergal

C':H':J

3) Conduct a2 test series to establish the repeatability of
the thrust versus time trace.

Finally, we recommend that the analytical technigues
developed during this study be sublect24 to the test of pr
ing the performance of particvler develozmental mctors feor
Eit systems.
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